Mice with a null mutation in the cell surface heparan sulfate (HS) proteoglycan, syndecan-1 (Sdc1), develop almost normally, but resist mammary tumor development in response to Wnt-1. Here, we test the hypothesis that Sdc1 promotes Wnt-1-induced tumor development by interacting with the Wnt cell surface signaling complex. Thus, the response of Sdc1À/À mammary epithelial cells (mecs) to the intracellular, activated Wnt signal transducer, DNb-catenin, was assayed both in vitro and in vivo, to test whether b-catenin/TCF transactivation was Sdc1-independent. Surprisingly, we found that the expression of a canonical Wnt pathway reporter, TOP-FLASH, was reduced by 50% in both unstimulated Sdc1À/À mecs and in stimulated cells responding to Wnt1 or DNb-catenin. Tumor development in response to DNb-catenin was also significantly delayed on a Sdc1À/À background. Furthermore, the average b-catenin/TCF transactivation per cell was normal in Sdc1À/À mec cultures, but the number of responsive cells was reduced by 50%. Sdc1À/À mecs show compensatory changes that maintain the number of HS chains, hence these experiments cannot test the coreceptor activity of HS for Wnt signaling. We propose that TCF-dependent transactivational activity is suppressed in 50% of cells in Sdc1À/À glands, and conclude that the major effect of Sdc1 does not map to the activity of the Wnt signaling complex, but to another pathway to create or stabilize the b-catenin/TCF-responsive tumor precursor cells in mouse mammary gland.
Introduction
Cell surface heparan sulfate proteoglycans (HSPGs) have been shown to affect growth factor responses and cell adhesion in cultured cells. These molecules comprise a protein core conjugated with heparan sulfate (HS) chains, and it is usually these anionic HS molecules that interact with growth factors such as fibroblast growth factor (FGF), hepatocyte growth factor or cell adhesion molecules such as fibronectin to promote their activity when bound to cognate cell surface receptors (Bernfield et al., 1999; Perrimon and Bernfield, 2000) . Sulfate groups substituted at specific sites on the sugar backbone bind specifically to both FGF ligands and to their receptors, and are required for FGF-induced mitogenesis of HS-deficient cultured cells (Ornitz, 2000) . The interaction of HS with FGF, and with other factors such as dpp, is physiologically important in Drosophila Baeg and Perrimon, 2000) . HSPGs associate with ligand/receptor complexes to enhance cellular responses, and are therefore typically classified as coreceptors.
The earliest description of a component of the canonical Wnt signaling pathway was the characterization of the morphogenic locus, wingless (encoding a Drosophila Wnt ligand). The same pathway was found to be highly oncogenic for mammalian tissues; indeed mutations that constitutively activate the b-catenin signal transducer are common in a variety of human epithelial and neural tumors (Miller et al., 1999; Bienz and Clevers, 2000; Polakis, 2000) . Several Wnt family ligands, including Wnt1, interact with heparin (a highly sulfated HS used to test for all HS-binding reactions) and show heparin-dependent activity in cultured cells Brown, 1990,1995; Burrus and McMahon, 1995; Reichsman et al., 1996; Shimizu et al., 1997) . In addition, several ligand-binding domains from the Wnt receptors (frizzled (Fz) proteins) are also known to bind heparin. Moreover, screens for new elements of the wingless signaling pathway identified two genes that affected HS biosynthesis, sugarless (UDP-glucose dehydrogenase) and sulfateless (N-deacetylase 2-O sulfotransferase) (Cumberledge and Reichsman, 1997) .
There are few tests of Wnt signaling activity in vivo in mammals. In order to test whether the activity of Wnt1 was affected by HSPGs in mice, we crossed mice expressing the Wnt1 protooncogene in mammary glands with mice carrying a targeted mutation in Sdc1, normally highly expressed by mammary epithelial cells. We found that tumor development was inhibited in the absence of Sdc1, and that Wnt-dependent tumor initiation, measured as hyperplastic mammary growth, was substantially reduced. These results identified Sdc1 as an important component of Wnt-dependent responses in mouse mammary gland (Alexander et al., 2000) .
Furthermore, we tested whether the HS moiety of syndecan-1 synthesized by mammary cells promoted wingless signaling in S2/DFz2 Drosphila cells. We found that the accumulation of the intracellular messenger, bcatenin, in response to subsaturating amounts of Wnt ligand was increased in the presence of soluble Sdc1, and that this activity was dependent upon the presence of HS (Reichsman et al., 1996; Alexander et al., 2000) . This result was consistent with a role for syndecan-1 as a coreceptor for Wnt signaling. However, it was subsequently shown that the HSPG core proteins dally and dally-like (members of the Drosophila glypican family) were key to wg-induced segmental patterning of Drosophila embryos and wing disc development Baeg et al., 2001) and not Drosophila syndecan.
Therefore, in order to test whether Sdc1 is a coreceptor for Wnt signaling in mammary epithelial cells (mecs), we set out to determine whether the Sdc1 requirement could be bypassed by expression of constitutively active intracellular b-catenin (DNb-catenin; missing the first 89 amino acids including CK1/ GSK phosphorylation sites that target the protein for ubiquitination), both in vivo with transgenic mice and in vitro with primary tissue culture transcriptional reporter assay. Transgenic mice that express DNb-catenin under the control of the mammary-specific MMTV-LTR, develop generalized mammary hyperplasia and solitary, well-differentiated tumors that closely resemble those induced by Wnt1 (Imbert et al., 2001; Michaelson and Leder, 2001) .
Here, we show that, surprisingly, the major effect of Sdc1 is to create a subpopulation of cells capable of transactivation of a Wnt reporter in response to bcatenin. Thus, in the absence of Sdc1, this subpopulation (comprising about 50% of total cells) is resistant to constitutively activated b-catenin (DNb-catenin). This phenotype is associated with hypomorphic mammary development. We propose that this altered development underlies the resistance of these glands to Wnt1 and DNb-catenin-induced transformation.
Results
The absence of Sdc1 inhibits DNb-catenin-induced mammary gland hyperplasia and tumor development in vivo
We tested whether Sdc1 affected the development of hyperplasia, the physiological response most proximal to oncogene expression, as it did for the response to Wnt1 (Alexander et al., 2000) . We assessed morphogenesis of whole glands from 22-week-old female mice from each of the six genotypes 7DNb-catenin and 7Sdc1 (Figure 1a ). Hyperplastic development of mammary glands from DNb-catenin transgenic mice was centered on ductal end buds. We found that hyperplasia was inhibited in the absence of Sdc1 in a dose-dependent fashion, less so in Sdc1 þ /À mice and more so in Sdc1À/À mice. Careful examination of glands from Sdc1À/À mice showed that even these were hypomorphic with respect to control mice. Although the number of primary ducts was similar, the number of secondary and tertiary branches was reduced by Bthree-fold in the Sdc1À/À glands relative to the control glands. This hypomorphic development is also observed consistently in purebred Sdc1À/À BALB/c mice (S. McDermott and C Alexander, data not shown). We conclude that this sparse mammary tree was more resistant to b-catenin/TCF-induced hyperplastic development. Given that mammary morphogenesis was reduced in Sdc1À/À glands, we assayed expression of the MMTV-LTR-driven DNb-catenin transgene in 22-week-old virgin mice and found it to be similar to Sdc1 þ / þ wild type mice (Figure 1b) . were crossed with Sdc1À/À mice as described in the Materials and methods. Mammary glands from female 22-week-old virgin mice from the F2 cohort were stained with Carmine to evaluate branching morphogenesis. The three glands on the left-hand side were taken from mice that did not express DNb-catenin, and the three on the right show hyperplastic glands from [MMTV-DNbcatenin] þ /À mice. The Sdc1 genotype of each pair (b-catenin þ and À) is indicated on the far right-hand side. Boxes show enlargements of representative areas. (b) The expression of the DNb-catenin transgenic protein is similar regardless of genotype. Protein extract (10 mg) from 22-week-old mammary glands from all six genotypes illustrated in (a) were analysed by Western blotting with anti-myc tag antisera. b-tubulin protein level was used as an internal control Tumor development was evaluated in virgin mammary glands expressing DNb-catenin in the presence and absence of Sdc1 (Figure 2 ). In the presence of Sdc1, the onset of tumor development was 29 weeks (defined as the point at which 10% of the mice have developed tumors), the mean latency of tumor development was 44 weeks, and these mice developed tumors with 93% incidence during the lifetime of the experiment (74 weeks; Table 1 ). The first characterization of the FVB: [MMTVDNb-catenin] mice showed that the onset of tumors was at B20 weeks (average latency of tumor development was just B30 weeks), and the oncogene had 100% penetrance (Imbert et al., 2001) . The differences described here may be due to the change of strain background (see below) or to the later generation number (2-3).
In the absence of Sdc1, the onset of tumor development was delayed by 9 weeks (n ¼ 45, Sdc1 þ / þ ; n ¼ 38, Sdc1À/À). At the end point of the study (74 weeks), only 71% of the SdcÀ/À mice had developed tumors (compared to 93% of Sdc1 þ / þ littermates; P ¼ 0.009). Overall, the mean latency of tumor development increased by 11 weeks in the absence of Sdc1 (Table 1 ;
There is an inflection in the survival curve at 46 weeks that separates mice with relatively rapid tumor onset (slope ¼ À3.72% tumor-free mice/week) from those that are much more resistant (slope ¼ À0.76% tumor-free mice/week; a slowing of B5-fold) for both Sdc1 þ / þ and Sdc1À/À cohorts. The experimental cohort was derived from a backcross of (FVB Â BALB/ c)F1 Â BALB/c mice that likely to contain segregating modifier genes. We propose that these gene(s) determine how effective the Sdc1À/À allele is at conferring resistance to Wnt1/DNb-catenin -induced tumor development. In fact when we use this same backcross protocol and matched strains, we find that, in contrast to our previous study (Alexander et al., 2000;  (SJL Â C57BL6)F1 Â C57BL6 (129) F2 cohort), there is no statistically significant resistance to Wnt1-induced tumor development conferred by the absence of Sdc1 (data not shown). We propose therefore that strainspecific modifiers create two groups of mice, one susceptible and the other resistant to tumor induction. Given the strain dependency of the effects of the Sdc1 null resistance allele with respect to tumor induction, we turned to in vitro assays of purebred Sdc1À/À BALB/c mecs to determine the major genetic effect of the Sdc1 À/À mutation on the Wnt signaling pathway.
b-catenin/TCF transcription is inhibited in cultured Sdc1À/À mecs In order to measure the activation of the canonical Wnt signaling pathway more directly, the response of Sdc1À/À mecs was evaluated by transfecting cells in primary culture with a b-catenin/TCF transcriptional reporter (TOP-FLASH), in the presence and absence of either the Wnt1 ligand or the DNb-catenin Wnt signal transducer. The mecs were all prepared from approximately 6-month-old BALB/c virgin females. Over a 10-fold dose range of transfected Wnt1 cDNA, the expression of TOP-FLASH reporter increased to a maximum of 2.7-fold over background for wild-type mecs (Figure 3a) . The relative increase of reporter expression in the presence of Wnt1 was almost identical for Sdc1À/À mecs (2.4-fold); however, the basal, 'uninduced' level was 65% of wild type mecs. Thus, for any given dose of Wnt1 expression, the level of reporter transactivation in Sdc1À/À mec cultures was only 50-65% of wild-type mecs.
As the outcome of the tests of preneoplastic and tumor development shown in Figures 1 and 2 would predict, the response of Sdc1À/À mecs to DNb-catenin was also not normal. Like Sdc1 þ / þ mecs, over a 10-fold range of transfected DNb-catenin cDNA, there was a corresponding dose-dependent increase in b-catenindependent transactivation in Sdc1À/À mecs (5.5-fold for Sdc1 þ / þ mecs and 6.4-fold for Sdc1À/À mecs). However, the basal level of reporter expression is reduced by 40% relative to Sdc1 þ / þ mecs, and all Figure 2 The mammary tumorigenicity of DNb-catenin is reduced in the absence of Sdc1. The appearance of palpable mammary gland tumors in the F2 cohort from the [MMTV-D89b-catenin] Â Sdc1À/À cross described in Figure 1 was plotted versus time (in weeks) reporter induction is proportional to this reduced basal level ( Figure 3a) . We considered the possibility that the absence of Sdc1 might affect transfection efficiency. Thus, an RL-TK renilla luciferase reporter was cotransfected with TOPor FOP-FLASH, and the renilla luciferase activity was found to be the same in Sdc1À/À and Sdc1 þ / þ mecs (data not shown). The expression of the FOP-FLASH control reporter was also similar in Sdc1À/À and Sdc1 þ / þ mecs whether induced or uninduced by Wnt1 or D89b-catenin (Figure 3a) , leading us to conclude that there are no systematic differences in the response of Sdc1À/À cells to transfection.
To check for systematic differences in translational efficiency or protein stability, the steady-state levels of Wnt1 and DNb-catenin proteins in transfected cells was assessed by Western blotting (Figure 3b ). The expression of these two inducers, Wnt1 and DNb-catenin, was similar in Sdc1 þ / þ and Sdc1À/À mec cultures.
Purified Wnt proteins tend to be insoluble or inactive, and are mostly unavailable as reagents for assays in vitro. Therefore, we used a well-characterized source of crude soluble Wnt3A (media conditioned by L cells transfected with a Wnt3A expression construct) to test whether the response of Sdc1À/À mecs to this Wnt protein was inhibited. Wnt3A is not heparin-binding, and unlikely to have a direct interaction with an HSPG. Wnt3A conditioned medium, compared to L-cell control conditioned medium, induced a 2.8-fold increase in Wnt reporter expression ( Figure 3c ). Basal and inducible expression of TOP-FLASH was reduced in Sdc1À/À cultures by 48 and 53%, respectively, maintaining a 2.6-fold ratio of reporter expression with and without induction. Thus, Sdc1À/À mecs are responsive to soluble Wnt3A, but show consistently lower bcat/TCF transactivation.
The transactivational response to DNb-catenin has an insignificant autocrine component Data from other groups have suggested that b-catenin/ TCF target genes include components of the Wnt signaling pathway such as Wnt ligands and Fz receptors that can augment Wnt responses (Hovanes et al., 2001 ; Figure 3 (a) Wnt signaling activity is reduced by 50% in mec cultures from Sdc1À/À glands. Mecs were plated for 48 h and transfected with the Wnt signaling reporter, TOP-FLASH (or the control plasmid FOP-FLASH), together with Wnt1-HA or myc-DNb-catenin-expressing plasmid and a transfection control, renilla luciferase. After 24 h, the expression of TOP-FLASH was assayed for both Sdc1 þ / þ and Sdc1À/À cultures, and the luciferase expression normalized with respect to the control renilla luciferase expression. The amounts of each expression plasmid (Wnt1:cMMP or DNb-catenin:cMMP) used for the evaluation of dose-response (indicated by increasing wedge) were 0, 0.1, 0.5 and 1.0 mg. The average and standard deviation of the luciferase activities were generated from triplicate wells. This experiment was performed with at least two different sets of Sdc1 þ / þ and À/À mecs and similar results were obtained. (b) Expression of Wnt signaling agonists is the same in Sdc1À/À mecs. Protein extracts (10 mg) from mecs in parallel cultures were lysed and analysed by blotting of SDS-PAGE gels. Blots were probed with anti-HA tag antisera (to assess the expression of transfected Wnt1-HA) and antimyc tag antisera (to assess the expression of transfected DNb-catenin) as indicated. The amount of b-tubulin per lane served as an internal control (assayed with a b-tubulin antibody). (c) The response of Sdc1À/À mecs to soluble Wnt3A is also reduced by 50%. Cultures of Sdc1À/À and Sdc1 þ / þ mecs were plated as described in (a), and transfected 48 h later with the TOP-FLASH reporter (or FOP-FLASH control data not shown) and control renilla luciferase plasmid. Wnt3A-or control L-cell conditioned medium was added after transfection, and lysates were assayed for luciferase expression at 48 h later. The average and standard deviation was generated from triplicate transfected cultures, and similar results were obtained from separate experiments with at least two batches of mecs Lustig et al., 2002; . If there were significant autocrine positive feedback for mecs transfected with DNb-catenin, the result of this epigenetic test of Sdc1 with respect to b-catenin could be incorrect. Particularly, if DNb-catenin can induce an autocrine upregulation of cell surface receptor, then the major effect of Sdc1 on DNb-catenin could still lie at the level of interaction with the receptor complex.
Therefore, we tested whether inhibiting cell surface receptor activation had a significant effect on transactivation in response to DNb-catenin. We expressed the soluble Wnt inhibitor, dickkopf-1 (dkk1) and assayed transactivation of the TOP-FLASH reporter. Dkk1 binds the Fz coreceptor LRP6 and specifically inhibits Fz-dependent canonical Wnt signaling (Bafico et al., 2001; Mao et al., 2001) . When an expression construct encoding dkk1 was cotransfected with one encoding Wnt1, TOP-FLASH activity was reduced to basal levels ( Figure 4 ). This confirmed the specificity of the transactivation assay and showed that this protocol effectively inhibited Fz receptor activation.
However, the induction observed with b-catenin was insensitive to coexpression of dkk1, showing that the response to b-catenin does not depend upon cell surface receptor activity. Using these data, we confirmed that Sdc1 has a major effect on DNb-catenin /TCF-induced transactivation in mecs that does not map to the activity of the Fz signaling complex.
Sdc1À/À mecs are not heparan-sulfate deficient
This result was a surprise given our previous results that showed that Sdc1-associated HS was an effective coreceptor for wg/DFz1 signaling at the surface of Drosophila S2 cells (Alexander et al., 2000) . Similarly, glypican-associated HS was demonstrated to increase the cell surface concentration of Wnt ligands and limit their diffusion in Drosophila (Baeg et al., 2001) . The data shown in Figure 3 suggest that though there is a deficiency of Wnt responses in Sdc1À/À mecs, the absence of Sdc1, the most prominent cell surface HSPG, did not affect the activity of the cell surface signaling complex.
In order to examine the contribution of Sdc1 to the total HSPG profile, and to determine the consequences of Sdc1 gene ablation, we assayed the expression of HS in Sdc1À/À mecs. Thus, mec lysates were treated with heparatinase to expose (after exhaustive digestion) an epitope in the HS-specific attachment saccharide (HS stub; Figure 5 ) that remains associated with core proteins. By probing Western blots with the 3G10 anti-stub antibody, we assayed the approximate number of HS chains associated with each core protein. This analysis of lysates of control and Sdc1À/À mecs showed that the Sdc1-associated HS band disappeared as expected (as does the core protein band) in Sdc1À/À mecs, but there were changes in the HS-conjugation of other core proteins (principally three core proteins that migrated at 140, 60 and 38 kDa) that entirely compensated for the absence of Sdc1. This biochemical analysis therefore suggests that the HS constituents are not grossly affected by the absence of Sdc1. We conclude that we cannot evaluate adult mecs that have developed in the presence and absence of Sdc1 and expect to understand whether HS is required for Wnt signaling complex activity.
The number of cell surface HS chains on mecs was also compared with the S2/DFz2 Drosophila cells used previously to assay wg/Fz2/HS coreceptor activity (Alexander et al., 2000) , and was found to be broadly similar, although focused into just one prominent species (likely to be Drosophila Sdc1).
Analysis of TOP-green transfected mec cultures by flow cytometry
Sdc1À/À cultures look morphologically normal, and comprise both myoepithelial and luminal cells. We did however consider the possibility that the cell types transfected in Sdc1 þ / þ and Sdc1À/À cultures were different, and that this led to the differences in the magnitude of Wnt responses we observe. In order to provide a visual reporter of Wnt transactivation, the TOP-FLASH reporter was redesigned to express the green fluorescent protein (GFP; Top-green) instead of luciferase. There was no obvious difference in the cell types transfected, but the number of visible TOP-greenpositive cells was lower in Sdc1À/À cultures (data not shown). This suggested that Sdc1 was not affecting the response of the Wnt cell surface signaling complex (less green fluorescence per cell), but instead that these cultures contained fewer b-catenin/TCF-responsive cells. In order to quantify this phenomenon, Sdc1 þ / þ and À/À cultures were transfected with TOP-green, incubated in control L-cell-or Wnt3A-conditioned medium, and analysed by flow cytometry (Figure 6 ). The live cells (propidium iodide (PI) negative) that specifically express TOP-green were counted (SG fraction, Figure 6a and b) and the intensity of green fluorescence per cell measured. Sdc1À/À cultures contained only 60% of the normal, uninduced number of TOP-green-positive cells, and 66% of the Wnt3A-induced TOP-green cells (Figure 6b and c) . We also tested whether the level of bcat/TCFdependent transactivation was different in Sdc1À/À and Sdc1 þ / þ cells by assessing the distribution of expression levels of GFP in the SG fraction of SdcÀ/À and Sdc1 þ / þ cultures. Using arbritrary units, the means of the uninduced cultures (Sdc1 þ / þ , 468; Sdc1À/À, 462) and induced cultures (Sdc1 þ / þ , 962; Sdc1À/À, 950) were not significantly different (Figure 6d ). To evaluate in more detail whether the expression pattern of TOP-green was different for Sdc1À/À and Sdc1 þ / þ cell populations (with and without Wnt 3A induction), we scored the number of cells fluorescing at increasing intensity levels. The population distribution was clearly similar for Sdc1 þ / þ and Sdc1À/À cultures (Figure 6e ), although displaced downwards to reflect the lower number of green cells in Sdc1À/À cultures. We conclude that bcat/TCF transactivation in the responsive cells in Sdc1À/À cultures resembles that of the majority of Sdc1 þ / þ cells, but that half of the population is resistant to bcat/TCF transactivation. Figure 5 The absence of Sdc1 results in compensatory upregulation of HS conjugation of other core proteins. (a) Lysates of Sdc1À/À and þ / þ mecs, NMuMg (normal mouse mammary cell line) and Drosophila S2 or S2 cells transfected with DFz2 were analysed by immunoblotting with the anti-HS stub antibody, 3G10, with an antibody to Sdc1 (281-2) or with a loading control antibody (anti-b-tubulin). The appearance of specific 3G10-positive bands are dependent upon heparatinase activity, and lysates are treated with both heparatinase and chondroitinase to reduce the proteoglycan smears to single core protein bands (Hpt/C'se; see cartoon below). The majority of HS chains in wild-type mecs are conjugated to Sdc1. (a) In Sdc1À/À mecs, there was no band at 9 0kDa (labeled Sdc1); instead the conjugation of HS chains to other core proteins is upregulated (principally the three indicated with stars). NMuMg cells showed the same pattern of HSPG biosynthesis as normal mecs. S2 and S2/DFz2 showed one principal core protein (probably Drosophila Sdc1) associated with a broadly similar number of HS chains as primary mouse mecs. (b) The same lysates were analysed using 281-2, an antibody to Sdc1. In the lane untreated with heparatinase, there was a ladder/smear (indicated by a line) that indicates the range of sizes of the Sdc1 proteoglycans. (c) These immunoblots were reacted with anti-btubulin antibody as a loading control
Discussion
Our results show that the mec population from Sdc1À/À mammary glands is refractory to Wnt1, Wnt3A and DNb-catenin, and that almost half of the cells cannot respond to Wnt effectors by transactivation of b-cat/TCF-induced reporters. The remainder of the cells respond normally. We therefore propose that Sdc1 is required to stabilize or create this proportion of b-cat/ TCF-responsive mecs. Although Sdc1À/À mecs look almost normal in culture and in vivo, Sdc1À/À mammary glands are hypomorphic and show substantial elimination of tertiary ductal branches. We hypothesize that the effects of the Sdc1À/À mutation on morphogenesis are related to the loss of Wnt-responsiveness in this sub-population.
Sdc1 -a Wnt1 coreceptor?
We previously showed that mammary cell-derived Sdc1 ecto-domains increased DWnt1 (wg)-induced signaling in S2/Dfz2 Drosophila cells, and that this activity depended upon the HS chains. In order to demonstrate the coreceptor activity of the HS, subsaturating amounts of wg ligand were used. Notice that exogenous mammary HS stimulated wg signaling in S2/DFz2 cells despite the presence of cell surface-associated HS chains (this study, Figure 5 ). We propose that the HSPGs expressed by S2 cells have little coreceptor activity (either due to their amount or specific properties).
Here, we show that the absence of the Sdc1 core protein during mammary development induces compensatory changes that autoregulates the number of HS chains. We conclude that our experiments cannot directly tested the coreceptor activity of HS for Wnt signaling. It is possible that the developmental consequences of core protein ablation are typically limited by compensatory changes of core protein HS conjugation. Usually, this has not been directly tested in Drosophila or mouse mutants. However, at least in one case, the mutation of the glypican core protein dally generated a phenocopy of HS biosynthetic mutations Tsuda et al., 1999) , implying that this particular core protein was important for coreceptor activity. For those HSPGs with redundant core protein activity, the phenotype of null mutations may be more difficult to expose. Some Sdc1À/À mecs are resistant to the DNb-catenin oncogene Transfection of Sdc1À/À mec cultures with the TOP-FLASH Wnt reporter, in combination with the Wnt signaling effectors, either Wnt1 (or Wnt3A) or DNbcatenin, showed two results. First, the 'basal' level of reporter expression was reduced by 50%, and second, although the fold-induction was identical in both the Sdc1À/À and Sdc1 þ / þ cultures, the absolute expression was proportionally reduced by 50% in the absence of Sdcl.
The magnitude of induction (ratio of induced/basal luciferase units) over a range of concentrations of Wnt1 or DNb-catenin was normal in Sdc1À/À mecs, suggesting that this mutation did not change the cell surface signaling efficiency at the doses tested. When populations of Sdc1À/À mecs were evaluated on a per cell basis for b-cat/TCF responses using flow cytometry, the mean expression of TOP-green was identical in Sdc1 þ / þ and Sdc1À/À cultures. However, the number of responsive cells was decreased by almost half, either in the basal, uninduced state or after induction by soluble Wnt3A (see Figure 7) . The result we obtained by transfection of TOP-green and analysis by flow cytometry was consistent with the data obtained by transfection of TOP-FLASH and quantitative measurement of reporter expression. These techniques appear to be robust and directly comparable.
The 'basal' transactivational response is defined in the absence of exogenous Wnt ligands. Interestingly, this was specifically reduced in the Sdc1À/À mec population, leading us to propose that the basal level of expression comprises not only a nonspecific component (associated with transfection, especially of large amounts of reporter gene, which is equal for Sdc1 þ / þ and Sdc1À/À cells), but also a specific component that reflects either (1) endogenous Wnt signaling, (2) higher basal levels of transactivational complex activity in the Sdc1 þ / þ mecs or (3) b-catenin-independent transactivation. Relative to Sdc1 þ / þ mammary glands, Sdc1À/À glands have half the number of cells that show this detectable basal level of transactivation (see Figure 7) , and half the number that are Wnt inducible, implying that this cell population is one and the same. We predict Figure 6 The number of b-catenin/TCF responsive cells is reduced by 50% in mecs prepared from SdclÀ/À mammary glands. Mecs were plated and transfected with reporters (described below) according to the same schedule as for Figure 3 , and then transferred to media conditioned either by L-cells (control) or Wnt3A-expressing L-cells for 48 h. Cells were then collected for flow cytometric analysis. Populations were gated first for live cells (a; PI negative), and then for specific GFP fluorescence emission (520 nm) (b; specifically green, SG). Autofluorescence was measured on the y-axis at 585 nm. Profiles of both Sdc1 þ / þ and Sdc1À/À cells, with and without Wnt3A, are shown for comparison. The number of cells expressing the Wnt reporter (c), and their average expression (mean; d), is shown. Three types of reporter (Rep) were used, PcMMP-green (GFP expressed by a CMV-based promoter in the PcMMP retroviral expression vector, predicted to be expressed by All cells (A); TOP-green as before (Wntinduced reporter, W) and the empty PcMMP expression vector (none, N). The expression of FOP-FLASH, a mutated TCF consensus reporter, was approximately the same for every culture regardless of genotype and with or without Wnt3A induction (data not shown). The average expression of TOP-green reporter was the same for Sdc1À/À or þ / þ cells, treated with conditioned medium either from Wnt3A producer or control cells (d). The number of responder cells was reduced by half in Sdc1À/À cultures (c; Sdc1 þ / þ compared to Sdc1À/À genotypes, uninduced mecs, P ¼ 0.015; induced mecs, P ¼ 0.0007; Student's t-test). (e) Cumulative cell count profiles for triplicate samples were plotted against intensity of fluorescence emission at 520 nm to provide a more detailed distribution of b-catenin/TCF-responding cells in Sdc1À/À cultures relative to Sdc1 þ / þ cultures. The expression of TOP-green is distributed similarly for Sdc1 þ / þ and À/À cells, either uninduced (pale green,
that the excess responder cells in Sdcl þ / þ glands have different TCF transactivation complexes that are already primed and partly active.
In order to describe the approximate size of the subpopulation that is affected by the absence of Sdc1, we estimate the maximum transfection efficiency for mecs to be 10% (based on the fraction of cells expressing GFP after transfection of Pcmmp-GFP, an expression vector driven by the widely expressed CMV promoter; Figure 6c ), and we assume that transfection of this heterogeneous population is random. At least 5% of total cells show specific expression of TOP-green after Wnt3A treatment (Figure 6c ). We therefore estimate that, at minimum, 50% of cells in wild-type glands are able to respond to Wnt3A. In Sdc1À/À glands, only half that number can respond, and the cell majority is resistant to the DNb-catenin oncogene.
We deduce that a component downstream of the constitutively activated DNb-catenin must confer resistance of Sdc1À/À mecs to transactivation of the reporter TOP-FLASH, most likely at the level of regulation of the TCF activity. The mechanisms by which these HMG box transcription factors regulate transcription is still controversial: TCF complexes can activate or inhibit transcription of target genes, and are highly context-and cell-type-dependent. Several proteins have been shown to interact either functionally or physically with TCF, including Groucho (a transcriptional corepressor), CBP, the SWI/SNF, components, Brg-1 and Osa, and the activators Bcl-9 and pygopus (Brantjes et al., 2002) . TCF-binding consensus sites can also be occupied by dominant-negative forms of TCF factors that are known to be induced by Wnt signaling and to suppress Wnt-induced tumor development (Roose et al., 1999) . In Drosophila, there are data to suggest that TCF factors shuttle continuously out of the nucleus, and that their activity is regulated in the cytoplasm (Chan and Struhl, 2002) , possibly by integration of signals from other pathways. In both mammalian cells and model organisms, other pathways have been shown to modulate TCF-dependent activity, such as EGF (Payre et al., 1999) , TGF-b (Nishita et al., 2000; Letamendia et al., 2001) and MAPKs (Ishitani et al., 1999; Behrens, 2000; Ishitani et al., 2003) .
We predict that the activity of a TCF transactivational complex is low in almost half of the cells in Sdc1À/À mammary glands, due to either a change in TCF expression or to the induction of an inhibitor species. It is of considerable interest to establish the mechanism that underlies the resistance of these mice to Wnt signaling and subsequent tumor development, since a substantial proportion of human epithelial tumors (including almost all colon tumors) is known to be initiated by dysregulation of b-catenin metabolism (containing mutations in either b-catenin, axin or Apc) (Bienz and Clevers, 2000; Clevers, 2000; Polakis, 2000) . The effect of Sdc1 mutation is to delay the development of b-catenin-induced hyperplasia and subsequently of tumors.
We do not yet understand the basis for the modulation of the b-cat/TCF-responsive mec populations by Sdc1. We have no evidence to suggest that there is ever a direct interaction of Sdc1 with the Wnt signaling pathway in mecs. It is more likely that the Sdc1 core protein (in association with HS) is a coreceptor for a growth factor or cell surface molecule (such as FGF, IGF, or HGF) that creates (or stabilizes) b-catenin/TCF-responsive mecs. We are currently testing this hypothesis.
In conclusion, we find that up to 50% of cells in a Sdc1À/À gland are not Wnt-or b-catenin inducible, and we assume that this leads to the relative resistance of these glands to tumor development in response to bcatenin. By further analysing the mechanism that underlies this naturally occurring resistance, we aim to design a strategy that can inhibit b-catenin/TCFdependent tumor growth.
Materials and methods
Generation of b-catenin/Sdc1À/À mice MMTVÀD89b-catenin transgenic mice (FVB strain, Imbert et al., 2001) were crossed with Sdc1À/À mice (BALB/c background, n ¼ 6; Alexander et al., 2000 (Stepp et al., 2002 to generate DN89b-catenin þ /À : Sdc1 þ /À male mice. The male mice were crossed with Sdc1 þ /À female mice to generate six genotypes in an F2 cohort, Sdc1 þ / þ , Sdc1 þ /À, Sdc1À/À, either DN89b-catenin þ /À or DN89b-cateninÀ/À. The presence of theDN89b-catenin transgene was verified by PCR analysis (5 0 primer GAAACCCTTGATGAAGGCATGCAG Figure 2 ); Sdc1À/À glands are hypomorphic and less hyperplastic in response to DNb-catenin and 3 0 primer TGCTGCATCTGAAAGGTTTCTTAG). A set of three primers was used to determine the Sdc1 genotype of the mice: 5 0 wild type primer, CGGCGAAACCTACAGCC CTC; 5 0 mutant primer, GCATCGGCGAGTGGCGAGTC; and 3 0 primer, CGAGACTAGTGAGACGTGCTACTTCC. To assay the appearance of mammary tumors, F2 mice were palpated weekly, and euthanized when tumors appeared. Tumors induced by either Wnt1 or DN89b-catenin grow very aggressively, from barely palpable to greater than 1 cm diameter within a week.
Plasmid constructions
The retroviral expression vector, Pcmmp lacZ-IRES-GFP (a gift of Dr Richard C Mulligan, Harvard Medical School), contains a bicistronic expression cassette separated by an internal ribosomal entry site. The principal promoter element derives from the human CMV-IE promoter fragment fused with the MPSV-LTR from the myeloproliferative sarcoma retrovirus.
Pcmmp MCS/lacZ was generated by PCR amplifying the multiple cloning site from pBluescript using primers 5 0 -AACTAGCTAGCGAGCTCCACCGCGGTGGCGGC (containing a NheI site), and 5 0 -GAAGATCTGGGTACCG GGCCCCCCC (containing a BglII site). The 3126-bp XbaI-BamHI lac-Z encoding fragment from Pcmmp lacZ-IRES-GFP was replaced with the 129-bp NheI-BglII compatible end fragment to generate Pcmmp MCS/GFP. Then a 910-bp NcoI-NheI GFP-containing fragment was excised from Pcmmp MCS/GFP and replaced with a 3282-bp NcoINheI lacZ containing fragment to generate Pcmmp MCS/lacZ. This backbone was used to create expression vectors for Wnt1 and DNb-catenin as follows: Pcmmp Wnt-1HA/lacZ was constructed by replacing the 43-bp NotI-EcoRV fragment of Pcmmp MCS/lacZ with the1343-bp NotI-PmeI Wnt-1HA gene fragment from Wnt-1HA/pUSE (Upstate Biotechnology). To generate the Pcmmp DNb-catenin/lacZ plasmid, a 2160-bp DN89b-catenin gene fragment was excised from pCS2-DN89BC (Imbert et al., 2001 ) using BamH1 and SnaBI, shuttled to pBluescript, and subcloned to Pcmmp DNb-catenin/ lacZ by inserting a 2202-bp NotI-XhoI DN89b-catenin gene fragment.
The Wnt transactivation reporters, TOP-and FOP-FLASH were obtained from Upstate Biotechnology. The TOP-or FOP-GREEN reporters were derived from these by replacing the 2036-bp StyI luciferase gene fragment with the 1204-bp StyI fragment encoding the GFP gene from Pcmmp MCS/ GFP. To generate the HA-tagged dkk-1 construct, the 408-bp XhoI-NcoI fragment from pGEM-dkk-1 vector (a gift of Dr Sarah E Millar, University of Pennsylvania) was replaced with a 428-bp PCR fragment containing the C-terminal dkk-1 gene fused in frame with the HA-tag sequence. The PCR fragment was generated by using primers: 5 0 -CCATTTTCCTC-GAGGGGAAATTG (containing a XhoI site) and 5 0 -CATGCCATGGCGGCCGCTTAAAGAGCGTAATCTG GAACATCGTATGGGTAGTGTCTCTGGCAGGTGTG GAG, containing HA-tag sequences and a NcoI site. The dkk-1 expression vector, Pcmmp dkk-1HA/GFP, was constructed by inserting the 800-bp NotI fragment from pGEM-dkk-1HA into the NotI digested Pcmmp MCS/GFP vector. The orientation of the dkk-1HA ORF was confirmed by restriction enzyme site mapping and DNA sequencing. Production of the active protein was assessed first by Western blotting for the tagged protein in media from transfected 293 cells (using anti-HA antisera), and by testing TOP-FLASH induction in response to Wnt3A or Wnt1, with and without dkk1 (data not shown).
Mammary gland whole mounts
Whole mounts of mammary glands were prepared as described in Rasmussen et al. (2000) using Carnoys formula 1 and Carmine Alum stain. Briefly, mammary glands (#4) from halfday pregnant mice were dissected, fixed in 25% glacial acetic acid and 75% ethanol overnight, and stained in Carmine stain overnight. The stained glands were dehydrated through a series of 15 min washes in 70, 95% and absolute ethanol, and fat dissolved in two washes in xylene. Pictures were taken by using Axiovert 25 invert microscope mounted with an AxioCam color digital camera (Zeiss), and whole-mount images were assembled using Improvision Open Lab and Canvas 6 programs.
Primary mec preparation and culture
Mecs were prepared essentially as described in Emerman and Bissell (1988) . Mammary glands (#4 and 5) were dissected from mice, chopped and incubated with agitation in 1 Â F10 buffer containing trypsin (1.5 mg/ml; Worthington cat #3703), collagenase (3 mg/ml; Worthington cat#4182), 5% fetal bovine serum (FBS, Hyclone) and Hepes (50 mM; Gibco BRL) for 90 min at 37 o C. Cells were filtered through cheese cloth, washed twice with DMEM containing 10% FBS and penillicin and streptomycin (100 U/ml; Gibco BRL). To deplete the cultures of fibroblasts, mecs were preplated in prewarmed mec culture medium (DMEM : F12 (1 : 1) containing 10% FBS, insulin (10 mg/ml; Sigma) and PenStrep) for 30 min at 371C. Unattached mecs were collected and counted after staining with Hoechst-33342 (4 mg/ml; Sigma), so that nucleated cells were discriminated from adipocyte vesicles. Cells were plated on EHS-coated 24-well plates at 1 Â 10 5 cells/ 2 cm 2 well. Wells were coated with EHS matrix at 20 mg/ml (Becton Dickinson, cat# 354234) in mec culture medium. If cells were not plated immediately, they were stored frozen by suspending cells (1 Â 10 6 /ml) in mec culture medium þ 10% DMSO (Sigma) and transfered to liquid nitrogen. Viability, whether frozen or not, was in excess of 90%. Yield of cells varied from 0.5-1.0 Â 10 6 /mouse.
Dual-luciferase assay
Mecs were adhered firmly to the tissue culture substrate within 24 h, and initiated cell division. Control plasmid (Pcmmp MCS/lacZ) or plasmids directing the expression of Wnt signaling agonists (Pcmmp Wnt-1HA/lacZ or Pcmmp DNbcatenin/lacZ) was cotransfected (1 mg, or as described) with either Topflash or Fopflash (2 mg) reporter, and pRL-TK renilla luciferase (0.3 mg; Promega) reporter into mecs by using LipofectAmine 2000 according to the manufacturer's instructions (6 ml; Gibco BRL). The total amount of DNA was kept constant by adding Pcmmp MCS/lacZ plasmid. At 24 h after transfection (or at the time indicated), both renilla and firefly luciferase activities were assayed (Dual-luciferase assay; Promega cat# E1960) according to the manufacturer's instructions. Briefly, cells were lysed in 200 ml of 1 Â passive lysis buffer for 20 min by rocking at room temperature. A volume of 10 ml of lysate was assayed for luciferase activities by mixing the lyaste with 100 ml of firefly luciferase substrate and 100 ml of renilla STOP GLO substrate respectively. Measurements were carried out with a luminometer with dual automatic injectors (Monolight 3010). Firefly luciferase activity was normalized for transfection efficiency by dividing by the renilla luciferase activity. The average activities, and standard deviations were derived from triplicate transfected samples.
